The expansion of ultracold neutral plasmas (UCP) is driven primarily by the thermal pressure of the electron component and is therefore sensitive to the electron temperature. At lower densities (less than 10 8 /cm 3 ), evaporative cooling has a significant influence on the UCP expansion rate. We studied the effect of electron evaporation in this density range. Owing to the low density, the effects of three-body recombination were negligible. We modeled the expansion by taking into account the change in electron temperature owing to evaporation as well as adiabatic expansion and found good agreement with our data. We also developed a simple model for initial evaporation over a range of ultracold plasma densities, sizes, and electron temperatures to determine over what parameter range electron evaporation is expected to have a significant effect. We also report on a signal calibration technique, which relates the signal at our detector to the total number of ions and electrons in the ultracold plasma.
INTRODUCTION
The creation of ultracold neutral plasmas (UCP) [1] has opened a new avenue into studies of the physics of strongly-coupled plasmas [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] through control of the initial energies of the ions and electrons in the system. Based solely on the initial temperature of the ultracold atoms and the ability to impart little energy during the photoionization process, the ions and electrons in UCPs can be created at relatively low energies, producing plasmas that would have both components in the strongly coupled regime. However, studies have shown that effects such as disorder induced heating [7, 10, [13] [14] [15] [16] [17] , three-body recombination [14, [18] [19] [20] , threshold lowering [21, 22] , and Debye screening [6, 12] can limit the amount of strong-coupling that is realized in UCP systems. These heating effects increase with the UCP density, though, and this suggests that studying UCPs at low density would likely lead to lower electron temperatures, and in the case of electrons, more strongly-coupled UCPs (the ions would have lower temperatures but the same strong-coupling owing to self-scaling effects). The effects of electron evaporation also increase with decreasing density, further lowering the electron temperature. This increase in the influence of evaporative cooling with decreasing UCP density is the subject of this work.
The early time electron temperature in UCPs is typically experimentally determined from measurements of the UCP expansion [14] , although a direct measurement of this temperature has been reported in [23] and the electron temperature has been inferred from three-body recombination rates in [20] . The finite temperature of electrons will make the electron density slightly lower than the ion density, creating an internal electric field which will drive the ions to expand. The expansion is typically modelled by a self-similar expansion obtained from the solution to collisionless Vlasov equations, which are applicable through a formal equivalence owing to the spherical symmetry of the UCPs [24, 25] . This expansion follows the form σ(t) = σ(0) 2 + v 2 t 2 , where σ(0) is the initial characteristic size of the UCP from a spherically symmetric Gaussian density distribution given by n(r) = n 0 exp(−r 2 /2σ(0) 2 ) and v is the asymptotic expansion velocity. However, this model does not take into account the loss of electrons and the associated energy loss from evaporative cooling. For many UCP conditions, this energy loss can be negligible, but we find that as the density decreases that this effect becomes significant. For the UCPs created in our system, the density is 1-2 orders of magnitude lower than what is observed in typical UCP experiments [1, 4, 16, 25] , which puts our UCPs in a density range where evaporative cooling is expected to be significant. Thus, evaporation is important for adequate modeling of the UCP temperature evolution as our plasmas expand. In this manuscript, we develop a model that predicts the effect of electron evaporation over a range of density and temperature conditions. We also obtained data of UCP expansion, and showed that there is a substantial decrease in the overall expansion energy. We use our model to show that this reduction in expansion energy is consistent with energy lost via electron evaporation.
The increased importance of evaporative cooling at low density is somewhat counter-intuitive as more robust evaporation is usually associated with higher collision rates and thus higher densities (e.g. ultracold atom experiments [26] ). However for ultracold plasma systems, the self confining nature of the ion/electron system leads to a stronger effect of evaporative cooling for lower density. A higher density UCP loses a smaller fraction of its electrons to produce the same electron confining potential, limiting the amount of evaporative cooling that occurs. For instance, if producing a certain amount of confinement requires the loss of 10% of the electrons in a particular UCP, then for a UCP of the same size but with a factor of 10 increase in the density, only 1% of the electrons will have to be lost to produce the same amount of confinement.
In order to more quantitatively evaluate the conditions where evaporation may have significant influence on UCP electron temperature evolution and expansion, we constructed a simple model adapted from a cold fluid ion model [14, 19, 27] , modified by adding equations taking evaporation into account [28, 29] .
Here N is the number of electrons remaining in the UCP, D is the potential well depth in units of temperature owing to an excess of ions as electrons escape, τ is the Spitzer electron self-equilibration rate [30] , and α is the change in this potential well depth per electron removed from the UCP. The β and γ parameters are those defined in [27] , where β = 1/(2σ) and v = γ r, which relates the ion position from the center of the UCP to its velocity. We integrate equations (1)-(5) until the total energy lost via evaporation becomes approximately constant (changing less than 5% as the integration time is extended). In this time period, the size of the UCP increases by less than 10 %. As the UCP evolves, energy can either be transferred to ion expansion energy or leave through evaporation. If evaporation does not have a significant effect at early times in the UCP evolution, then as energy goes to ion expansion it is less likely to have a significant effect later in the UCP evolution. In this model, we do not take into account the effects of three-body recombination. Equation 1 describes the electron evaporation rate [28] from the UCP. Equation 2 models the change in UCP potential well depth. α is computed by assuming the starting condition of a spherical UCP whose potential well is just deep enough to trap electrons with kinetic energy equal to the initial ionization energy. From this starting condition, removing one additional electron increases the potential well depth by α, which is dependent on the UCP spatial size and the externally applied electric field. While α is not truly a constant, because we focus on the time before the size of the UCP increases by 10%, the assumption of constant α is reasonable. Equation 3 reflects conservation of energy and that the decrease of the electron temperature comes about via both energy transfer to the ions as well as evaporative cooling. Finally, equations 4 and 5 model the ion expansion. From the above set of equations, we can calculate the energy loss per ion from evaporative cooling by integrating dN/dt·(D −3/2T e )/N over the time we are interested in. Here, the 3/2T e term accounts for the electron loss, allowing us to evaluate the reduction in energy available to drive the ion expansion in the UCP.
Solving these differential equations simultaneously predicts the expansion of the UCP as a function of time under the assumptions that thermal equilibrium is established and maintained and that the expansion is fully selfsimilar. This means that the predictions of this model are actually most reliable when the density is high and evaporation is not important as those conditions fulfill these assumptions better. Thus, equations (1)- (5) are most useful in determining whether or not evaporation is likely to be significant for a given set of UCP conditions. Determining that evaporation is predicted to be significant is a critical piece of information for interpreting UCP expansion in those cases.
The predictions of this model were explored for UCP parameters at relatively low density, relevant to our experimental parameters, moderate density found in other UCP experiments [29] , and high density that was realized by the densities available from the ionization of ultracold atoms in a magneto-optical trap [14] . For each condition the reduction in the amount of energy available for expansion owing to evaporation was evaluated. The results are summarized in Table 1 . As expected, the more quantitative predictions of the model follow the expected relative influence of evaporation on UCP expansion: evaporative cooling is more prominent in the lower density case. This cooling is a slowly varying function of the density, requiring changes over orders of magnitude in the density to see substantial changes in the cooling owing to the exponential factor in Eq. 1. These predictions show that influence of evaporative cooling should be substantial for our experimental conditions.
APPARATUS
In this experiment, the UCPs were created by photoionizing ultracold 85 Rb atoms. The Rb atoms were first collected and laser-cooled into a magneto-optical trap (MOT) [31] , then transferred into a magnetic quadrupole trap. The magnetic trap was created by a set of magnetic coils in an anti-Helmholtz (AH) configuration that were mounted to a motorized translation stage [32] . The magnetically trapped atoms were transferred over a distance of ∼1 m to the plasma region of the vacuum chamber. In I : A summary of the influence of electron evaporation on the available UCP expansion energy over a range of density conditions. Here we calculate the amount of energy removed from the UCP owing to evaporation that will not be available to drive the ion expansion as described in the text. The first condition shows the model calculations for experimental conditions achievable in our system. The second and third conditions show the calculations for the experimental conditions at higher density found in [29] and [14] respectively. The model shows that as the density decreases, the influence of electron evaporation on the energy of the UCP increases.
this region, we have a set of cylindrically symmetric electrodes and a magnetic coil which are described in detail in [33] . After the Rb atoms are transferred, the magnetic trap is turned off and the Rb is ionized in a two-step photoionization process. The first step is to excite electrons from the 5S 1/2 state in Rb to the 5P 3/2 state using light from a 780 nm diode laser. To ionize these excited atoms, a pulsed dye laser tuned between 473-479 nm (∆E/k B = 10 − 400 K above threshold) was used. For the measurements described in this work, the number of total ions was controlled by power of the 5S 1/2 − 5P 3/2 pump laser and the initial electron kinetic energy was controlled by the wavelength of the pulsed dye laser. After ionization, the electrons are extracted from the UCP to a microchannel plate detector (MCP) using an electric field provided by our electrode assembly. The electric field provided by our electrodes ranged from 2 − 10 V/m. The electrons striking the MCP ultimately resulted in a current across a load resistance. This resulted in a voltage that needed to be calibrated in order to determine the number of electrons and ions in the UCP. A discussion of this calibration as well as the calibration of the electric field is presented in the following section of this Article.
The UCPs in this experiment were created with an approximately spherical Gaussian ion and electron distributions described by n 0 exp(−r 2 /2σ 2 ), where n 0 is the peak density and σ describes the spatial extent of the UCP. The UCPs were created with as few as several thousand ions for the calibration to ∼ 5 · 10 5 ions for the expansion measurements, with a spatial extent, σ, that ranged from 700 − 900 µm. This resulted in peak densities that were as high as ∼ 9 ·10 7 /cm 3 for the UCPs in our experiment.
NUMBER AND ELECTRIC FIELD CALIBRATION
In order to have an accurate measure of the asymptotic expansion velocity to compare to our models, we performed calibration measurements of the MCP signal voltage as it relates to the number of electrons extracted from the UCP. In principle, the calibration could be performed by comparing the initial number of neutral atoms in the plasma region measured by absorption imaging to our measured MCP signal [34] . By calculating the ionization fraction based on the intensity of our lasers, a number calibration can be obtained. However, this method produces relatively large systematic uncertainties. So instead, we measured the threshold number of ions required to trap electrons in the UCP combined with a measurement of the initial size of the UCP [1] . In addition to calibrating the ion number, the calibration technique also allowed the determination of the effective electric field for our electrode voltage configurations used throughout this experiment.
The threshold number of ions required to trap electrons in a UCP is defined as the number of ions sufficient to create a potential well with depth, D, that is as deep as the initial ionization energy [1] . This can be calculated from a Gaussian distribution of ions with a characteristic size, σ, in an external electric field, F .
The threshold ion number for a given set of conditions is determined experimentally by measuring the number of electrons trapped in the UCP upon formation as a function of the total number of ions. We start by forming the UCP under a chosen electric field configuration. After ∼3 µs, the space charge that develops from the initial escaping electrons forms a potential well trapping any remaining electrons. At this time, we apply an electric field pulse to extract any electrons trapped in the UCP towards the detector. We can alter the power of the 5S 1/2 − 5P 3/2 pump laser to control the number of ions in our UCPs without significantly altering the spatial distribution. As the total number of ions decreases, the number of trapped electrons approaches zero. We can extrapolate our data to zero trapped electrons for a particular initial ionization energy and electric field (F ) in order to find the threshold number of ions in units of the MCP signal, N MCP . An example of our MCP calibration data for two different electric fields is shown in Fig. 1 .
To determine the number and electric field calibration, we find the threshold number of ions for several different initial ionization energies for a particular electric field as seen in Fig. 1 . We can multiply the MCP signal by a number calibration factor, ζ, to convert to the actual number of ions in the UCP [35] . We measured the initial peak density of the UCP using the 2-cycle rf sweep technique described in [33] in order to link the value of the initial characteristic size of the ion distribution, σ, to the value of ζ. For a given value of the electric field, F , we can calculate the number of ions required to produce a potential well depth, D, for each of the data points in Fig. 1 . We then perform a least squares fit to data to determine the best values of ζ and F . We performed this calibration technique for several values of the electric field in order to determine the electric field as a function of the electrode voltage and to check the reproducibility of the number calibration. We were able to determine the value of ζ with a statistical uncertainty of less than 5%. Systematic uncertainties associated with measurements of the characteristic size, σ, and MCP threshold signal are on the few percent level.
MEASURING THE EFFECT OF ELECTRON EVAPORATION ON UCP EVOLUTION
To measure the UCP expansion, we measure the peak density of the UCP at chosen delay times after the initial photoionization in the UCP evolution using two-cycles of an externally applied rf field as described in [33] . The two-cycles of rf drive a collective oscillation in the electron component of the UCP whose resonant frequency is dependent on the plasma frequency associated with the peak density. We sweep the frequency of the rf in order to find the maximum response owing to the applied rf, which allows us to determine the peak density of the UCP.
Using our calibration of the MCP signal to the total number of ions in the UCP (taking into account the fraction of electrons that have escaped the UCP [33] ), we can relate our measurements of the peak density in the center of the UCP to the characteristic size of a Gaussian distribution, σ, by noting that σ = (N ion /(2π) 3/2 n peak ) 1/3 , where N ion is the total number of ions and electrons in the UCP and n peak is the measured peak density. By taking these measurements throughout the UCP evolution, we were able to map out the expansion over the full lifetime of the UCP.
If we assume that electron evaporation has no effect on the electron temperature, then all of the initial electron energy should be converted to ion expansion energy as the UCP evolves (Recall that we expect no significant heating from three-body recombination at our UCP temperatures and densities). For a self-similar expansion, the characteristic size of the UCP would evolve as σ(t) = σ 2 0 + v 2 t 2 , where σ 0 is the initial size of the the UCP and v is the asymptotic expansion velocity. If all of the initial electron energy is converted to UCP expansion energy, then the asymptotic expansion velocity is given by v = 2∆E/3m i , where ∆E is the initial ionization energy and m i is ion mass.
We compared this self-similar expansion calculation to UCP expansion data taken at ∆E/k B = 25 − 75 K. Fig.  2 shows an example of this comparison for over this range of temperature. For higher initial ionization energies, the assumption of thermal equilibrium is expected to break down for our UCP conditions, as the Spitzer equilibration times [30] can range from several up to 10s of µs, which can be a significant fraction of the UCP lifetime. At initial ionization energies much lower than 25 K, the formation of Rydberg atoms will add heat to the UCP. The dashed lines show the expansion expected from a conversion of all of the initial electron energy to ion expansion energy, which exceeds the observed expansion of the UCP in all cases. The estimates of our simple model discussed in the introduction indicate that we should expect such a reduction in the expansion rate.
While our observations confirm the predictions of equations 1-5 that the expansion rate should be lower than what is expected purely from the ionization energy of the electrons, we performed further analysis of the expansion data. We have several goals for this additional analysis. First, we aim to confirm that electron evaporation is reasonable explanation for the observed reduction in the UCP expansion rate. A second goal was to determine whether the reduction in the UCP expansion energy is primarily caused during the formation of the UCP or in the subsequent evolution, which will allow us 5 total ions. The data is shown as black circles with error bars representing the statistical uncertainty in our measurement of the UCP characteristic size, σ. For clarity the symbol size has been increased, so error bars that are not seen indicate that the uncertainty is less than or equal to the size of the symbol. The red, dashed line shows a self-similar expansion for all of the energy converted to ion expansion energy. The blue, dotted line shows a self similar expansion for 20% of the expansion energy removed during the formation of the UCP. The solid, black line is a fit of the data taking electron evaporation into account throughout the UCP expansion. The post-formation average depth to temperature ratio, Davg/T for this calculation was found to be 5.4 ± 0.4, 4.7 ± 0.5, and 2.1 ± 0.2 for 25, 50, and 75 K to fit our expansion data. The depths quoted for this data are for electrons assumed to be escaping without any excess energy over the potential well. to more accurately model the UCP expansion. Finally, we were able to extract the implied electron temperature evolution from this additional analysis.
We separate our model of the electron evaporation into two parts, with the first part focusing on the UCP formation and the other focusing on the subsequent expansion. To improve the accuracy of the model, we use the measured evaporation rate (Fig. 3) in place of Eq. 1 for both parts since the evaporation rate is obtained as part of our data collection. During formation (< 2 µs after ionization), there will not be significant ion expansion, allowing us to ignore ion dynamics and explicitly calculate the potential depth of the UCP as electrons escape. As the UCP evolves after initial formation, the outer ion dynamics become complicated. During this time, we assume a fixed potential depth to electron temperature ratio as the UCP expands to elucidate the general behavior. Further modeling of the post-formation depth variation including the dynamics of the outer ions is beyond the scope of this work. The first part of our model calculates the energy removed from the UCP by individual electrons as they escape during the formation stage, which for our UCPs is the first 2 µs. Immediately after photoionization, the kinetic energy of each electron will be approximately equal to the initial ionization energy. In the presence of an extraction electric field, a minimum number of electrons are required to escape before the resulting charge imbalance begins to create any theoretical confinement, even for zero-kinetic-energy electrons. As a charge imbalance develops owing to escaping electrons, a potential well will form that begins to confine the remaining electrons in the UCP. At this point, some degree of electron thermalization must take place, as the potential well barrier can become greater than the initial ionization energy. In our model of evaporation during UCP formation, we assume that as a potential well begins to form, the electrons that escape will have a fixed energy above the total depth of the potential well. As the electrons escape, they carry away more energy than the average thermal energy of the remaining electrons, lowering the overall temperature.
To calculate the potential well depth, D, we used a T = 0 electron and ion distribution in the presence of a uniform electric field. The ion distribution was assumed to be a spherically symmetric Gaussian distribution given by n 0 exp(−r 2 /2σ 2 ), where n 0 is the peak density and σ describes the characteristic size of the UCP. We calculated the potential depth of the UCP by integrating from the center of the plasma the electric field produced by the UCP and the external field, under the assumption that the external field is completely screened by the UCP electrons. To account for the offset of the electron cloud of the UCP from the ions owing to the external electric field, a dipole electric field term was added which maintained the internal screening of the UCP.
The electron evaporative cooling rate as a function of time was taken from our experimental data over a range of initial ionization energies (∆E/k B = 25−400 K), total number of ions ((2.5 − 5.4) · 10 5 ) and σ ∼ 750 µm. This part of the model makes no assumptions about thermal 5 ions respectively. The vertical lines for this data represent the range of depths that were calculated for kBD to kBD + ∆E of energy removed by each escaping electron for multiple sets of data as described in the text. The depth to temperature ratio shows a sharp decrease at low temperatures that levels off at higher temperatures. equilibrium, and is therefore valid over a broader range of initial ionization energy. We calculated the effect of the the electron evaporation in the UCP prompt peak by numerically evaluating how much energy was removed during each time step of the UCP formation process, using our measured evaporation rate (Fig. 3) . For each time step, we calculated the new potential depth, D, based on the total amount of charge that has left the UCP up to that point. For D < 0 (i.e. no potential well formed), the escaping electrons are assumed to leave the UCP with their initial energy from ionization. This part of the formation typically lasts <100 ns, which is less than the electron-electron thermalization times [30] for all of our UCP conditions. For D > 0, the escaping electrons must have kinetic energies ≥ k B D. For this portion of the formation process, we calculated the amount of energy that escaped the UCP for electrons with energies that ranged from k B D to k B D + ∆E, representing a reasonable range of likely electron escape energies.
We calculated the amount of total energy that left the UCP through evaporation, divided the remaining energy by the number of electrons remaining in the UCP and compared this to the initial ionization energy. The results of these calculations showed that for the lower end of our total ion number range, the amount of energy available for expansion is reduced by 15 − 25% over our range of temperatures. At higher total ion number, this energy is reduced by 8−12%. As the initial ionization energy decreases, the fractional amount of energy removed during the formation process increases. To show this, we calcu-
The electron temperature evolution of an expanding ultracold plasma with (solid) and without (dashed) evaporation for ∆E/kB = 50 K. Here we are looking at the temperature evolution after the UCP formation (starting at 2 µs, where 20% of the energy has been removed). The solid line shows the electron temperature evolution corresponding to the solid, black line from Fig. 2 , whereas the dashed curve shows the temperature evolution for the blue, dotted line in Fig. 2 . It is clear that evaporation lowers the temperature of the electron component at a much faster rate at early times in the evolution, which affects the expansion at later times.
lated the depth to temperature ratio, D/T , which showed that at low temperatures this ratio increases (Fig. 4) , which means the energy removed per electron is higher when compared to the average energy of the electrons in the UCP. The decrease in D/T with increasing ionization energy is consistent with the expected decrease in thermalization rates for the UCPs in our system.
In some experimental conditions, electron evaporation after the UCP formation can also have a significant effect on the UCP expansion. Contrary to the case of the UCP formation, the expansion dynamics of the outer ions become important and complicate any attempt to model the potential well depth of the UCP with precision. In the absence of a sophisticated model of the ion dynamics, we can still observe the relative importance of postformation evaporative cooling by assuming a constant potential well depth to temperature ratio, D/T . In reality, this ratio will vary somewhat in time as the UCP expands. In this treatment, the assumption of constant D/T is equivalent to a weighted average value over the UCP expansion. The value of D/T for any given set of experimental conditions is determined through fitting the expansion data to find the best-fit value.
After performing this calculation for different initial ionization energies, the averaged depth to temperature ratio, D/T , was 5.4 ± 0.4, 4.7 ± 0.5, and 2.1 ± 0.2 for ∆E/k B = 25, 50, and 75 K respectively as seen in Fig.  2 . This trend is consistent with the D/T deduced from UCP formation calculation. The values of D/T calcu-lated from our expansion data are in a range consistent with what is expected from our observed evaporation rate, indicating that evaporation is a reasonable explanation for the observed expansion rate reduction. From this calculation, we were also able to infer the temperature evolution of the UCP under these conditions as seen in Fig. 5 . We can see from this figure that the reduction in the electron temperature as a function of time is significantly different from the case where no evaporation is present. We also found that as the number of total ions and electrons is increased from 2.5 · 10 5 to 5 · 10 5 that the expansion of the UCP does not change significantly. This is consistent with the expectation of our model that the effect of evaporation varies slowly with the density.
The temperature evolution of the UCP deduced from our model (Fig. 5 ) combined with our measurements of the expansion also allow us to calculate the strongcoupling parameter, Γ [2] , over the lifetime of the UCP in the absence of three-body recombination. These calculations show that the strong-coupling parameter could become greater than the theoretical limit of 0.2 [36] . This would occur at a time in the evolution when the expected heating owing to three-body recombination is still small. While suggestive, the fact that small heating rates would not easily be observed in our data at late times in the UCP evolution means that a definitive determination of Γ requires adding additional capabilities to our system. This includes the ability to measure the Rydberg atom formation rate, and to have a local electron temperature probe to more accurately measure the temperature [23] . These additional experimental capabilities would also facilitate an investigation of the effectiveness of forced evaporative cooling to lower the electron temperature at earlier times. These studies will be the focus of future work.
CONCLUSION
In summary, we have observed a substantial decrease in UCP expansion rate owing to electron evaporation on the expansion of ultracold plasmas in our system. We have performed calculations that show evaporation is expected to have a greater effect for low UCP density conditions, consistent with results obtained from our system. The observed expansion rate was significantly lower than that of a self-similar expansion obtained from a solution to the collisionless Vlasov equations with the full initial ionization energy. To further characterize this loss of expansion energy owing to evaporation, we performed calculations using electron evaporation data over a range of conditions to determine the amount of energy lost in the formation of the UCP and in the UCP expansion. These calculations showed that expansion energy is lost both during formation and from electron evaporation as the UCP expands. Our data shows that for our experimental conditions, that evaporative cooling has a significant effect on electron temperature reduction. This leads to the possibility of forced evaporative cooling to temporarily raise the value of the strong coupling parameter of the electron component of UCPs, which will be the subject of future work. 
